electrically insulating [15] . It is important to note that a significant fraction of the studies are actually conducted on graphene oxide and not necessarily graphene to form the graphene ink [16, 17] . Other challenges are related to the low-density of the dispersions which do not yield electrically conductive films [18] , or the presence of residues that traditional solvents and surfactants leave, which compromises the electrical conductivity [19] . In addition, there is little work done on systematically studying the effect of printing parameters on the quality of the printed 2DLM features, as well as their structural, morphological and electrical transport properties.
In this work, we have conducted a systematic investigation of the ink-jet printing parameters that sheds insights into the characteristics of the printed features, and we have successfully utilized these inks for fabricating practical devices that display unique characteristics, specifically, the ability to deliver ultra-high levels of power using ink-jet printed graphene resistors. We have also determined that the active nozzle number, printing passes, and annealing conditions have an important role to play in determining printed line resolution, as well as the morphological and electronic transport characteristics of the printed graphene features, where the inks are generated via sonication of the bulk graphite crystal. Here the inks are dispersed drop-by-drop in pico-liter volumes using drop-on-demand ink-jet printing technology, to construct macro-scale device architectures onto a wide range of substrates, from rigid to flexible and transparent. As mentioned, the formulations were used toward the successful fabrication of a high-power multilayer graphene resistive structure that was printed on both rigid and flexible substrates, and can deliver power levels approaching 10 W, where a near-flat, negative temperature coefficient of resistivity (TCR) was measured.
The change in resistance R with respect to an increase in temperature T of a material, as denoted by the TCR, is positive for R ∝ Tor negative where R / ∝ T 1 . The activation energy E a was computed to be ~2.4 meV for our ink-jet printed multilayer graphene resistors, which is 100× lower compared to high TCR mat erials [20] such as mechanically exfoliated graphene, for measurements we conducted in the 6 K-350 K range. Interestingly, previous studies have shown the possibility of using the temperature-dependent electrical properties of graphene as a temperature sensor [21] . In other studies, positive and negative TCR mat erials have been combined to achieve a near-zero-(NZ-) TCR bilayer composite structure [22] . Resistors having NZ-TCR are desirable for various applications, such as analog and data conversion circuits, specialty instrumentation circuits, and static random access memories (SRAMs) [23] . High-power resistors that can dissipate many Watts of electrical power as heat may be used as part of motor controls, in power distribution systems, or as test loads for generators. While one-dimensional (1D) carbon nanotube based systems demonstrate a NZ-TCR, our results show the TCR and E a to be the lowest amongst the 2DLMs reported to date. We have modeled the transport characteristics of our ink-jet printed features as a composite structure made up of remnant ethyl cellulose (EC) used in the solution dispersion as a surfactant, not to mention the graphene nanomembranes that contribute toward the composite behavior as well. The unique microstructure of our printed nanocomposite was used as a basis upon which to explain the thermal response of the electronic transport of our devices that we believe is mediated via defects in the sonicated graphite. Evidence for defects was validated via Raman spectroscopy and transmission electron microscopy of our ink-jet printed graphene nanomembranes. The thermal-invariance of resistivity or a small TCR exhibited by our devices has utility as a component in flexible electronics where a stable current or heat-load load maybe necessary in harsh or extreme thermal environments.
Results and discussion
A stable dispersion of 2D graphene was formed through optimization detailed in earlier work, where we engineered the dispersion viscosity with the addition of surfactant EC in N-methyl-2-pyrrolidone (NMP) to prepare optimal dispersions [24, 25] . In figure 1 , the effect of nozzle number on the printing resolution is provided, where an array of lines with 15 passes was printed on SiO 2 /Si substrates using 16 (maximum for cartridge), 8, 4 and 2 nozzles, and annealing was conducted for 1 h at 300 °C. As it can be seen in figures 1(a)-(d), the line edge resolution and uniformity of the printed arrays improved as the number of active nozzles decreased from all 16 firing (figure 1(a)) to only 2 active nozzles printing ( figure 1(d) ). Printing with all 16 nozzles resulted in non-uniform line edges due to excessive volume of ink delivered that likely leads to ink spreading on the substrate, compromising line resolution. However, each printing system is unique, from the ink or printing fluid, the substrate, their respective temperatures, pretreatments, the firing voltage, waveform, and the rest of the specific printing conditions used. In our case, we kept all of the printing parameters constant, while the number of active nozzles firing was optimized in order to yield good line resolution. As mentioned, for our specific printing system, optimum printing resulted when 2 nozzles were used without modifying any of the other parameters. However, this determination of 2 nozzles being ideal is unique to our particular material system, and determination of the optimal nozzle number for other material systems, such as the specific inks or substrates used, may not necessarily be the same and needs to be validated experimentally.
We then proceeded to conduct 2-terminal current-voltage (I-V) measurements on the printed graphene films which were formed using 2 and 4 nozzles. Both of the samples exhibited linear Ohmic characteristics, as shown in figure 1(e) , where the resistance in the 2 nozzle case was calculated to be 600 kΩ, which was 4× lower than the 4 nozzle case; printing with 8 or more nozzles yielded poor electronic transport characteristics, which is consistent with the poor film homogeneity and uniformity we observed (figures 1(a)-(d)) of the printed lines with increasing nozzle number. While keeping the number of printing passes fixed, the R was seen to decrease rapidly as the printed line width increased, as shown in figure 1(f) Graphene films printed with 2 nozzles exhibited consistently lower R values compared to 4 nozzles for all of the line widths explored here. Above linewidths of 0.5 mm, the R change remained unchanged with increasing line width, as shown in figure 1(f) . The low R values noted in the 2 active nozzle case compared to the 4 nozzle case may have to do with the reduced ink volume deposited on the substrate which allows the solvent to evaporate more readily during the annealing step.
The effect of the number of printing passes was also examined here, where we conducted tests at 15, 25, 35, 45, 55 and 65, passes for ink printed on the SiO 2 /Si substrate, and annealed at 300 °C for 1 h, as noted earlier, and measured the ensuing I-V Characteristic that is shown in figure 1(g) ; the inset in figure 1(g) shows the device geometry. It shows Ohmic behavior with maximal current transport occurring when 25 passes were used, where increasing passes of 35, 45 and 55 passes progressively decreased the currents, and no continuous channel was observed for 15 passes. In the case of 65 passes, no measurable current was obtained, due to remnant EC/solvent still present in the mat erial. The above results on the printing parameters, such as number of active nozzles and printing passes clearly demonstrates the importance of optimizing these parameters to yield functional structures of 2DLMs using ink-jet printing.
We then proceeded to examine the role of the annealing temperature-time profile on the morphological and electronic transport characteristics for structures printed on SiO 2 /Si substrates where 30 printing passes were used. The annealing temperatures considered were 250 °C, 300 °C, 350 °C, 400 °C and 450 °C, and two annealing times were used, 1 h and 2 h. The top-surface SEM images were obtained from the channel area and are shown in figures 2(a)-(c) and (e)-(g), while figures 2(d) shows the R variation as a function of the annealing temperature for the two times considered. The microstructure for the sample annealed for 1 h at 250 °C (figure 2(a)) shows random particles embedded in a matrix structure which is presumed to be remnant EC. Ethyl cellulose is a polymer that possesses excellent membrane-forming ability and durability and is commonly used as a flexible coating for paper, cloth and leather. However, at the same time, the electrical properties of EC indicate that it is electrically insulating, which corroborates the fact that the R for this sample was the highest at 2 MΩ, as noted in figure 2(d). Thus, the SEM in figure 2(a) shows the excessive presence of EC when a low annealing temperature of 250 °C was used. The microstructure of the samples that were annealed at higher temperatures (see figures 2(b)-(c)) shows that this potentially insulating matrix is largely removed (less charging is seen in the SEM images of figures 2(b) and (c) when compared to (a) for example), and a more uniform and conducting film has formed, which is corroborated by the lower R values seen in figure 2(d) for samples annealed at temper atures >300 °C. The longer annealing time likely accounts for the additional diffusion and coalescence of the nanomembranes to yield uniform films. The temperature-time profile of annealing on our samples demonstrated that while lower annealing temperatures can be traded for high-annealing temperatures, the annealing time has to increase to drive-off the excessive remnant solvent. This decrease in annealing temperature is advantageous to widen the portfolio of materials that would otherwise be precluded in flexible electronics, given thermal stability issues at higher temperatures in some of these materials systems.
To further build upon understanding the morphological characteristics of the ink-jet printed graphene films, figures 3(a)-(c) show high-resolution SEM images of the printed films that were annealed for 1 h at 250 °C, 350 °C and 450 °C, while figures 3(d)-(f) show the TEM images at these corresponding annealing conditions. The high resolution SEM images were obtained for ink-jet printed samples that were sectioned orthogonal to the plane of the substrate within the channel area (these sample images are shown in the top left insets of figures 3(a)-(c)), where cross sectional SEM images of the printed films were also obtained and are shown in the top-right insets of figures 3(a)-(c). The cross sectional image of the 250 °C heated sample shows a thick continuous film with graphene embedded in a matrix material which is likely to be remnant EC, as eluded to earlier. As the annealing temperature was increased to 350 °C (see figure 3(b) , the graphene nanomembranes are denser and the surface morph ology (middle right inset of figure 3(b)) reveals a uniform surface topography. When the annealing temperature was raised to 450 °C, the porosity of the films increased as voids were apparent (figure 3(c) inset on right), and the surface is notably rougher and less uniform (figure 3(c) inset on left middle). These results seem to be consistent with the electrical transport measurements of figure 2(d), which indicated 350 °C to be the optimum annealing temperature.
In order to conduct the TEM study of the ink-jet printed graphene films, Cu grids were used, and the TEM results are shown in figures 3(d)-(f). The TEM results once again revealed that the sample annealed at 250 °C showed graphene sheets embedded in a matrix mat erial (EC/solvent), as shown in figure 3(d) . As the annealing temperature was increased to 350 °C (figure 3(e)), the graphene membranes are clearly visible from the bright-field images, and a good intermembrane connection is noted, suggesting that the EC/solvent between them has been largely removed. The selected area diffraction (SAD) pattern of the sheets confirms the 0 0 2 orientation of multiple graphene sheets (shown in the top right inset in figure 3(e) ). Finally, when the annealing temperature was increased to 450 °C, the presence of voids was noted to increase, as shown by the location of the arrows in the figure. The high magnification TEM images of figures 3(g) and (f), correspond to the annealing temperature of 350 °C, clearly reveal stacking of graphene layers with the interface marked with arrows. The presence of the dark islands within the graphene membranes in figures 3(e) and (f), is suggestive of defective sites, which may be due to remnant residues from the solution dispersions, and we discuss this in more detail in the context of the temperature dependent response of the resistivity of our printed films.
Our ink-jet printed graphene films were further characterized using Raman spectroscopy, as well as temper ature-dependent Raman, which is a non-invasive technique used to characterize the structural and electronic properties of materials [26] . The Raman shift is depicted in figure 4 ) and a 2D or G′ band (2700 cm −1 ), indicating the presence of monolayer or few-layer graphene. The D band has been attributed to in-plane A 1g zone-edge mode [27] and can be used to monitor the defect distribution of multilayer graphene films by computing the D/G ratio [28] . Conductivity data has not been reported for the sample annealed at 200 °C due to its excessively high R that was beyond the scope of the instrumentation. The defect ratios for samples annealed at 1 h and 2 h in figure 4 (b) demonstrate the films with the lowest D/G values occur for samples annealed at 350 °C for 1 h, and 300 °C for 2 h which is consistent with our electrical data ( figure 2(d)) ), where the lowest R values were seen at these conditions. Furthermore, the full-width-halfmaximum (FWHM) of the D band is used to monitor defect distribution in graphene films [29] . The D band showed a maximum FWHM of ~99 cm −1 for samples annealed at 250 °C, which decreased to ~40 cm −1 for annealing at 350 °C, as seen in figure 4(b) . This further verifies that the minimum defect distribution in the ink-jet printed graphene films occurred at an annealing temperature of 350 °C. As the annealing temperature increases from 250 °C to 350 °C, the defect concentration was reduced, and the nanomembranes align themselves while forming a highly conductive printed graphene film, which is consistent with the TEM measurements on our samples as well.
It is not surprising that operating ink-jet printed graphene films at high power levels may have the potential for increased Joule heating, which can change the crystalline and electronic properties of the printed graphene films at these high-thermal/power conditions. We proceeded further with the Raman measurements of the printed multilayer graphene films to conduct temperature-dependent Raman measurements from 24.4 °C to 600 °C, where the data is shown in figure 4(c) . When defects are present, it gives rise to two other features in the Raman spectra at ~1350 cm −1 (D band) and 1615 cm −1 (D′ band). The D′ band appears as a small shoulder on the G band, and the intensity of the D′ band is relatively small compared to the D band [30] . Clear peak shift in the G band is seen toward lower wave numbers with increasing temperature, similar to the case for the D′ band which gets more pronounced in intensity at 600 °C compared to room temperature. Previous investigations have demonstrated that electron-phonon coupling plays an important role in the temper ature dependence of the G band shift [31] . The thermal expansion coefficient (TEC) is an important thermal and mechanical performance parameter of the printed multilayer graphene films, which can be estimated from the Raman data. The TEC of the printed graphene film was estimated from the G and G′ band Raman peak position shift and the data are shown in figures 4(e) and (f), respectively. Near room temper ature (24.4 °C) printed multilayer graphene films exhibit a G band near ; however, it decreased to 1563.5 cm −1 with increased temperature up to 600 °C, which resulted in a G band peak shift in printed graphene films close to 14 cm −1 , as shown in figure 4 (e). Similarly, the peak shift in the G′ band was observed to be nearly 17.5 cm
as shown in figure 4(f) (from 2701 cm −1 at 24.4 °C to 2684 cm −1 at 600 °C). These results in printed multilayer graphene films match previously investigated single and few layered graphene films on different substrates [26] . Higher shift with increasing temperature in the G′ band (17.5 cm ) matches previously investigated CVD grown graphene films on copper substrates, highlighting the double resonance processes in the G′ band, which were more sensitive to the changes in the electronic band structure than due to temperature induced strain [32] . On the contrary, the G mode is an optical phonon with zero vector which is very sensitive to carrier density instead of strain [28, 29] . The temperature dependence of the G and G' mode frequency shift in printed multilayer graphene films can be represented by the following relation: ω ω χ = + T 0 , where ω 0 is the Raman frequency shift when the temperature T is extrapolated to 0 K, and χ is the first-order temperature coefficient determined by the slope of the linear fit. The extracted negative value of the G band temperature coefficient χ G was ~2. 8 [29]); however, we have found the values obtained in this work for χ G and χ ′ G are even smaller, indicating that our ink-jet printed graphene films should be less susceptible to thermal cycling.
The previous analysis of our ink-jet printed graphene films provided insights into the micro-and nanostructure of our material, which guided the design of a resistive, high-power structure that was constructed on both rigid and flexible and transparent substrates, and exhibited high-performance characteristics which we now describe in more detail here. High-power resistive structures have applications as temperature sensors, heating elements, current limiters, or in thermal management as heat spreaders to facilitate heat transfer [20, 33] . In this work, the power handling and dissipation characteristics of our ink-jet printed device was evaluated, and cryogenic measurements of the electronic transport were conducted from 6 K to 350 K from which the TCR, and other parameters were tabulated. The operational power of the printed devices was investigated with different annealing temper atures to examine their high power operational capabilities. Figure 5 (a) shows output power variations of samples that were annealed for 1 h (top graph) and 2 h (bottom graph), where the data shows the power response for samples annealed from 300 °C to 450 °C. The highest output power of the printed graphene films was obtained for samples annealed at 350 °C for both the 1 h and 2 h cases. However, analysis of the annealing time shows that the sample annealed at the 1 h time exhibited an ability to deliver 90 µW of power at 1 V, which was higher compared to the sample annealed for 2 h that delivered 20 µW at 1 V. Our ink-jet printed multilayer graphene devices exhibited very low R (43 kΩ) and consequently very high output current and power compared to previous investigations (up to 600 MΩ and 4 MΩ in [21, 34] , respectively). Due to this reason, we expected very high power operation in our printed devices. Figure 5(b) shows the temporal output power variations when increasingly higher applied voltages were applied. The power increased up to 7 W when the applied voltage increased to 90 V, at which point Joule heating at the contacts limited the transport. This measurement clearly shows the potential of our ink-jet printed multilayer graphene devices to operate under extremely high output power conditions, approaching ~10 W. According to our knowledge this was significantly higher compared to previous investigations (5 mW in [34] ), and strongly highlights the opportunity to apply our ink-jet printed multilayer graphene films for high power applications for flexible electronics.
In order to better understand the electronic transport characteristics of our ink-jet printed multilayer graphene resistors, we conducted R-T measurements of our devices from 6 to 350 K from which the TCR and thermal index were computed. To conduct this measurement, first a mask was prepared on a transparency, as shown in the top, left inset of figure 5(c), in order to lithographically define regions where large Mo contacts were sputter deposited and patterned via lift-off. The multilayer graphene lines were then ink-jet printed to connect the Mo-contacts on which the probes for the cryogenic test were placed to ensure a good electrical contact without mechanically disrupting the network of nanomembranes from the ink-jet printed graphene for this thermal transport test. The fabricated device is shown at the bottom left inset of figure 5(c) , while the magnified image in the bottom right inset of figure 5(c) clearly shows the ink jet printed line bridging the Mo electrodes. Figure 5(d) shows the R versus T Characteristic of the structures, and the inset demonstrates ln R with 1000/T for two different annealing conditions (250 °C and 350 °C annealed for 1 h). It is obvious that the sample annealed at 250 °C showed consistently higher R values (e.g. 82.79 kΩ at 140 K) when compared to the sample annealed at the higher temperature (e.g. 2.92 kΩ at 140 K). This data was fit to the Arrhenius model, denoted by equation (1) below:
where R(T) is the R at temperature T, R o is the R at T = ∞, E a is the thermal activation energy as noted previously, k is the Boltzmann constant, and B is the thermal index. equation (1) can be rewritten as:
where a linear relationship is expected between the lnR(T ) versus T plot. When plotting lnR(T ) as a function of 1000/T (inset of figure 5(d) ), the thermal parameters B, E a and TCR were extracted, and were tabulated to be 14 K, 2.4 meV and 0.015%, respectively. These values are also shown in table 1 which compares our results to other material systems noted from prior work. Both annealing conditions resulted in very small thermal index (B ~ 14 K) over the T range studied and a negative TCR behavior was evident in both cases. In general, most materials display much larger TCR values, but a few limited materials show NZ-TCR behavior [35] , including graphene based hybrid systems where reduced-graphene oxide was used to decorate CVD-grown graphene [36] . High TCR materials demonstrated earlier (such as graphene) [20, 34] exhibited TCR values of ~1.14 % with B and E a ~ 1034 K and 177 meV, respectively (see table 1 ). These types of materials are primarily used for thermistors, temperature sensing devices, and heating applications [37] . The printed graphene film demonstrated here falls in the low TCR category, and materials with low TCR or NZ-TCR can be used in a wide range of applications such as resistors in high precision electric heating systems, thermoelectric devices, micro heaters and other areas where a constant R over a range of temperatures is desired [35] . Our analysis shows that our devices exhibited the lowest reported TCR values amongst 2DLMs, though the work of Sun et al [36] shows TCR values that were also determined to be low for hybrid chemi-cal vapor deposited graphene-reduced graphene oxide systems, where the analysis was conducted in the heated regime from 303 K-573 K. Simultaneously, the printed multilayer graphene film demonstrated the ability to deliver very high power levels ~7 W without degrading or failing (see figure 5(b) ). Therefore, the printed graphene film demonstrated in this work will be extremely valuable for high-power flexible electronics applications, with the unique low TCR feature at the same time.
The previous results allow us to propose a model to explain the R response of the prepared material with temperature. The total R of the composite film is the result of the addition of the temperature dependent contributions of the R from various sources which are indicated below in equation (3) .
Here ρ composite represents the R of our overall ink-jet printed composite structure, ρ G is the intrinsic R of the multilayer graphene membranes, ρ interface is the R at the interfacial junctions between nanomembranes, ρ defects is the R due to defects within the nanomembranes and ρ EC is the R due to the remnant EC/solvent; (T) indicates that these terms all have their unique T dependencies, and the overall resistivity or ρ composite is a sum over all of these ensemble contributions. Our previous discussion on the Raman data demonstrated the presence of the prominent G peak which indicates that the multilayer graphene is dominant in the composite, and so the contribution from other components such as remnant EC should be minimal in the thermal response, though a more thorough investigation is necessary to rule out the contribution from the remnant EC. The contribution from the ρ interface should also be minimal since at higher temperatures there should be more energy for electrons to tunnel across the interface reducing R, which we do not observe strongly here. We believe the contribution from the defects is dominating the temperature dependence of the electronic transport, where the D/G ratio was seen to be ~0.26 from Raman spectroscopy in the ink jet printed films, while the TEM also showed dark agglomerations for samples annealed at 350 °C (e.g. figure 3 (e)). The slight negative TCR dependence with E a ~ 2.4 meV represents a small energy activation barrier for electron hopping that explains the negative TCR, but the generally temperature insensitive R is suggestive of transport limited by defects, which we have exploited judiciously to our advantage to demonstrate a practical device for flexible electronics. The prepared ink was also printed on flexible polyimide and polyethylene terephthalate (PET) substrates. Figures 5(e) and (f) show R values for multilayer graphene inks printed on rigid SiO 2 /Si substrates and on flexible polyimide substrates, respectively, with the insets in both figures reflecting printed structures on the various rigid, flexible and transparent PET substrates. The R scaled linearly as the probe separation distance increased in both figures 5(e) and (f), as expected. However, for the case of the polyimide substrate ( figure 5(f) ), the R was generally lower, which may be due to better adherent properties of the multilayer graphene ink on the carbon based polyimide substrate compared to SiO 2 /Si.
Conclusions
A high-power and low-TCR device was successfully inkjet printed using graphene dispersions. The printing conditions for the device were optimized, which showed the ideal number of active nozzles was 2-4, and that 30 printing passes resulted in a uniform, low-resistance channel region. Characterization conducted using SEM, TEM and Raman spectroscopy analysis showed that the optimum annealing temperature and time were 350 °C and 1 h, respectively. A practical device was ink-jet printed at these conditions which successfully showed that a high-power resistive structure was operational up to 7 W, without failing and at the same time it yielded a thermally-invariant resistance response with low TCR values, which is believed to be lowest reported amongst 2DLMs. Due to the resistive heating capability of the structures designed here, our device has the potential to be useful for high-power flexible electronics applications.
Methods

Materials:
The ink used in this work was prepared by sonicating commercially available graphite rod pieces (Sigma Aldrich #496553) at a concentration of 6 mg ml −1 in N-methyl-2-pyrrolidone (NMP) for 24 h. After the sonication, 4%wt Ethyl Cellulose (EC) (Sigma Aldrich 200646) was added to the dispersion and sonicated for another 4 h. The ink was separated after allowing the dispersion to stabilize overnight and selecting only the supernatant to avoid any precipitates that may contain bigger particles. Printing: The DIMATIX 2831 material printer from Fujifilm was used for the ink-jet printing, where the ink cartridges were purchased from the manufacturer and had a volume of 10 pl. The cartridges comprised of 16 nozzles with a nozzle diameter of ~21.5 µm. Characterization: SEM microscopy was carried out in a Hitachi S-4800. The TEM analysis was conducted using a TEM 2100F field emission gun. The Raman data was obtained using a Horiba LabRAM HR Evolution where the excitation laser wavelength used was 532 nm. Electrical characterization was conducted using a micromanipulator 450PM-B probe stage equipped with a HP precision semiconductor parameter analyzer 4156A. A Lakeshore CRX-4 K probe station was used to obtain the R versus T data with a Keysight B1500-A Semiconductor Device Analyzer. Profilometer measurements were performed on the Brocker Dektak XT Stylus Profiler. Substrate: SiO 2 /Si wafers with a 300 nm oxide layer and polyimide substrates were used for drop casting and printing. 
